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ABSTRACT
Ion selective electrodes (ISEs) are analytical sensors that monitor the interactions between an
ionophore within a polymeric membrane and ions in various solutions. The sensitivity and
selectivity of ISEs is directly related to the chemical components. One type of ionopohore
utilized in ISEs are metalloporphyrins. Metalloporphyrins have unique binding characteristics,
which make them useful in sensors. The polymeric membranes that are synthesized and used in
ISEs consist of a metalloporphyrin complex, polyvinyl chloride, and ortho-nitrophenyl octyl
ether. The membrane unique to this project contains erbium (III) tetraphenylporphyrin as the
metalloporphyrin ionophore. Various analytical techniques were applied in the investigation of
the reactivity and chemical characteristics of the metalloporphyrin complex within the membrane
and in solutions. These techniques included gas chromatography, gas chromatography-mass
spectrometry, ultraviolet-visible spectroscopy, and fluorescence spectroscopy. In this work, the
optical properties of the erbium porphyrin complex, including major absorption and emission
wavelengths, were examined. The applicability of several chromatographic techniques was also
studied. The reactivity of the metalloporphyrin within the polymeric membrane was measured
directly upon exposure to variable concentrations of the target analyte. In the future, the plan is
to further investigate spectroscopic techniques such as fluorescence and the potential use of
porphyrins in fluorescent indicators, much like the ISEs. The goal is to expand the knowledge of
the porphyrin’s reactivity to improve the sensitivity and selectivity of ion selective electrodes.

KEYWORDS: ion selective electrode, ionophore, metalloporphyrin, tetraphenylporphyrin,
chromatography, spectroscopy
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CHAPTER I. INTRODUCTION

1.1 Introduction to Metalloporphyrin-Based Polymer Membranes
Ion selective electrodes (ISEs) are analytical sensors that take advantage of a strong
interaction between an ionophore that is placed within a plasticized polymeric membrane and
analyte ions in the aqueous sample solution. The specific chemical components of the
membranes used in ISEs are directly related to the sensitivity and selectivity of specific ions.
Metalloporphyrins have been utilized as ionophores within ISEs and have been found to be
selective for several analyte ions.1,2,3 Metalloporphyrins have unique binding characteristics,
which indicates their usefulness in sensors such as ISEs.4,5 When the metalloporphyrin interacts
with specific ions in the aqueous sample solution, it binds the ion and transports it into the nonpolar polymer membrane. This transport process changes the balance of ions on either side of the
ISE membrane, which produces a small but measurable phase boundary potential.4,6 This voltage
can be directly related to the analyte concentration via the well-known Nernst electrochemical
equation.
Metalloporphyrins are one type of ionophores that can be used in ISEs.6,7 They also have
interesting optical properties that have also been utilized in biosensor applications.2,3,8 The
choice of metal that sits in the center of the porphyrin ring plays a major role in the selectivity of
ions in a solution.9,10 Many groups have examined metalloporphyrins with a wide variety of
metals, which yields ISEs with selectivity for many different ions.1,4,9,10 The identity of the metal
produces a characteristic binding interaction with the ions in solution.2,8,11
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1.2 Porphyrin Structures and Characteristics
The general porphyrin structure serves as the backbone and the binding site for the metal
of choice when metalloporphyrins are formed. The core structure of a porphyrin is a
tetraazamacrocycle, which is an aromatic structure that connects four pyrrole molecules via
bridging carbon atoms (Figure 1). The four nitrogen atoms from the pyrrole groups face each
other in a relatively open cavity area. Porphyrins are known to be symmetric and are fairly rigid.
The native form of the porphyrin is often abbreviated as H2P, where H2 represents the two
hydrogen atoms attached to two of the pyrrolic nitrogens and P is the porphyrin ring core.
However, these two hydrogen atoms are easily deprotonated with the addition of a base, leading
to the formation of a divalent anion porphyrin, abbreviated as P2-. This dianion structure becomes
a strong nucleophile that is capable of binding to cationic metals, which gives rise to the
formation of many different metalloporphyrin compounds.

Figure 1. Structure of a tetraazamacrocyclic porphyrin (left) and an N-confused isomer (right).

Although the structure is typically rigid and unchangeable, there is an isomer that has
been identified as a N-confused porphyrin (Figure 1). N-confused porphyrins are a pure isomer
of tetrapyrrole macrocycle compounds where one of the pyrrole rings is flipped.12,13 The flipping
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of one of the pyrrole rings does not occur readily, which is explained by the intramolecular
hydrogen bonds in the macrocyclic structure as well as by the aromaticity of the compound.12
Although it does not readily occur, the confused porphyrin structure is known to be produced as
a byproduct is some syntheses of porphyrin compounds. For example, in the synthesis of
tetraphenylporphyrin, there is a small yield, approximately less than 5%, of the N-confused
isomer.14
There are many other structural characteristics that can affect the reactivity of the
porphyrin compounds. One important structural characteristic is the substituents that are
connected to the outside of the core porphyrin macrocycle structure. Generally, the two types of
substitution are meso- and β-substituted porphyrins (Figure 2). The choice of the outside species
can significantly alter the nature of the entire porphyrin compound. For tetraphenylporphyrins,
generally abbreviated as H2TPP (see Figure 3), four phenyl groups are attached to the four
bridging carbons of the meso-porphyrin. Another common type of porphyrin is the
octaethylporphyrin (H2OEP), where eight ethyl groups are attached to the carbon atoms within
the pyrroles in the backbone of the β-porphyrin. The phenyl and ethyl groups in H2TPP and
H2OEP, respectively, also impact the polarity of the overall molecule, making the resulting
porphyrins more hydrophobic (or lipophilic), which is necessary for usage in ion-selective
membrane electrodes.

3

Figure 2. The two types of substituted porphyrins are (a) meso-substituted porphyrin and (b) βsubstituted porphyrin.

Figure 3. Structure of tetraphenylporphyrin, H2TPP. 6,15

All metalloporphyrin compounds undergo two ring-centered reductions that give rise to
metalloporphyrin π-anion radicals and dianions.15 They also undergo two ring-centered
oxidations that give rise to π-cation radicals and dications.15 Non-planar metalloporphyrins have
been known to be easier to oxidize than planar metalloporphyrins because of the distortion of the
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macrocycle. In non-planar metalloporphyrins, the HOMO is destabilized, which creates a smaller
HOMO-LUMO gap.15 The magnitude of the HOMO shift is dependent on the specific metal ion
and solution conditions.15 Although the metal center can greatly affect the reactivity of the
metalloporphyrin compound, there is still insufficient data regarding the effect of the oxidation
state of the metal center. It is still unknown whether higher or lower oxidation states of the metal
center are more stabilized or destabilized by non-planar metalloporphyrins.15
The polymeric membranes that are used in this research project utilize metalloporphyrins
that contain the lanthanide metal erbium. Previous studies from members of the Steinle research
group have demonstrated that erbium metalloporphyrin-based electrodes have selectivity for
anions that contain carboxylic acid functionalities, such as salicylate and benzoate anions.16
Erbium(III) tetraphenylporphyrin acetylacetonate, abbreviated as Er(III)TPP(acac), is a
commercially available compound (see Chapter II: Experimental Methods), as seen in Figure 4.

Figure 4. Structure of erbium (III) tetraphenylporphyrin acetylacetonate.17,18
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1.3 Ion Selective Electrodes Background
Ion selective electrodes are sensors that have become widely used in analytical chemistry.
Perhaps the most common example of an ISE is the common pH electrode. ISEs have grown to
be a popular instrument for the analysis of solutions containing anions and cations. Although
ISEs have become a common instruments, electrodes used to measure some specific ions are still
being developed in laboratories across the world.11 ISEs are used for many applications such as
environmental analysis and physiology.5,6 The key components of the electrodes are polymeric
membranes and ion-binding lipophilic agents, known as an ionophore.5,19 When an anion
exchanger material such as tridodecylmethyl ammonium chloride (TDMAC) is utilized as the
ionophore, the interaction between the ionophore and the target anions are based solely on
electrostatic attraction. The selectivity of the resulting ISEs is known as the Hofmeister series
(ClO4- > SCN- > salicylate- > I- > NO3- > Br- > NO2- > Cl- > HCO3- > F-), which is based solely
on the hydrophobicity of the anions.11,20,21 Anions such as perchlorate (ClO4-) and thiocyanate
(SCN-) can be measured easily with these anion-exchanger ISEs, but anions at the bottom of the
series, such as chloride and fluoride, are much more difficult to measure. When an ionophore
that has specific binding towards a particular analyte ion is utilized, the resulting selectivity
patterns deviate significantly from the Hofmeister series. Metalloporphyrin-based ISEs have
demonstrated very interesting selectivity patterns that are specific to the choice of metal
incorporated into the porphyrin ionophore. For example, indium(III) and gallium(III)
octaethylporphyrin-based ISEs have selectivity towards the anions chloride and fluoride,
respectively.11
Metalloporphyrin-based ISEs have two well-established response mechanisms. The first
is called the neutral carrier mechanism, where a divalent metal cation such as platinum(II) sits
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within the doubly deprotonated porphyrin core. The resulting metalloporphyrin is neutral (for
example Pt(II)TPP or Zn(II)OEP) and binds with target anions at the membrane/sample interface
via a neutral carrier mechanism.
Pt(II)TPP(membrane) + X-(sample) à Pt(II)TPP(X)- (membrane)
However, when a trivalent metal is utilized, the resulting metalloporphyrin is also
positively charged. For example, when gallium(III) is utilized, positively charged Ga(III)[OEP]+
is formed. When these metalloporphyrins are utilized, a charged carrier mechanism is prevalent.
Ga(III)OEP+(membrane) + X-(sample) à Ga(III)OEP(X)(membrane)
The metals within the porphyrin ring assume an octahedral configuration, with all four of the
equatorial binding positions taken by the nitrogen atoms within the porphyrin. This leaves two
axial positions, above and below the plane of the metalloporphyrin, free to bind the target anion.
However, the possibility of a trivalent metalloporphyrin assuming a neutral carrier
mechanism is possible. In this case, the metal has a permanent fifth axial ligand anion, but still
could bind to an analyte anion in the remaining sixth axial position.
M(III)[TPP]OH(membrane) + X-(sample) à M(III)[TPP](OH)(X)-(membrane)
ISEs based on metalloporphyrins with trivalent (or higher) metals have at least two
different response mechanisms possible. Steinle, et al., discovered that some metalloporphyrins
can assume a dimeric or aggregated configuration within the membrane, leading to a unique
charged carrier mechanism where the dimer is broken into monomers upon exposure to the target
anion.9
{(Ga(III)[OEP])2(OH)}+(membrane) + X-(sample) à Ga(III)[OEP]X(membrane) +
Ga(III)[OEP](OH)(membrane)
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After finding the correct response mechanism, the membrane composition can be
optimized to achieve the best possible selectivity patterns. Generally, this is achieved via the
addition of lipophilic ionic additives (positively charged additives for neutral carrier mechanisms
and negatively charged additives for charged carrier mechanisms).22
To date, the Steinle research group at Missouri State University has focused primarily on
ISEs based on metalloporphyrins lanthanide metals such as lutetium and erbium.22 As mentioned
previously, the Er(III)TPP(acac)-based ISEs have demonstrated non-Hofmeister selectivity
patterns with a preference towards anions that contain carboxylate acid groups. However, the
nature of the response mechanism of interaction between Er(III)TPP(acac) and the analyte anions
has not been examined in detail. For this project, analytical methods other than traditional
electroanalytical potentiometry such as spectroscopy and chromatography were utilized. The
primary goal of this project was to better understand the response mechanism of the
Er(III)TPP(acac)-based ISEs, with the ultimate goal of improving the response characteristics of
the ISEs towards the target anions.

1.4 Spectroscopy Theory and Methods
Spectrometric methods of analysis consist of many analytical techniques based on atomic
and molecular spectroscopy. Spectroscopy is defined as the interactions of radiation with
matter.23 Many instruments that perform spectroscopic analyses are considered to be optical
instruments. Optical instruments can measure various regions including the ultraviolet (UV),
visible, and infrared (IR) regions parts of the electromagnetic spectrum. Optical spectroscopic
methods are based on six phenomena: adsorption, fluorescence, phosphorescence, scattering,
emission, and chemiluminescence.23
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Typical spectroscopic instruments are made up of five major components: a source of
radiant energy, a wavelength selector, a container that holds the sample, a radiation detector
which converts the radiation into an electrical signal, and a signal processor / readout device.23
Both absorption and fluorescence require an external source of radiation.23 In absorption, the
source beam passes through a wavelength selector then through the sample.23 In fluorescence,
the source induces the sample to emit unique radiation that is then measured at a 90° angle from
the source.23
There are many types of optical instruments that can be used in spectroscopic
investigations. With a spectrophotometer, the user can vary the wavelength of the source light
via a wavelength selector such as a monochromator. A spectrofluorometer is a
spectrophotometer used for fluorescence measurements, which utilizes two monochromators,
one for light from the source and another for the fluorescent light emitted from the sample. Some
advantages of spectrophotometric and photometric methods of analysis include a wide range of
applicability, low detection limits of 10-4-10-5 M, high selectivity, and good accuracy.23
Ultraviolet-Visible Spectroscopy. Molecular absorption spectroscopy is used in the
quantitative analysis of many inorganic, organic, and biological compounds.23 It can measure
absorption in both the ultraviolet (UV) and visible regions. UV-visible spectroscopy can also be
used in the identification of molecules in fields such as environmental chemistry, forensic
science, and clinical laboratories.23 Measurements are based on the transmittance or absorbance
of solutions in cells with a standard path length.23
A UV-visible spectroscopy instrument is made up of a source, wavelength selector,
sample container, radiation transducer, and a signal process and readout device. Light that is not
absorbed by components in the sample container makes it way to the detector. The ratio of light
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from the source (Po) and the light that passes through the sample (P) is used in Beer’s Law to
calculate absorbance (A), which is directly correlated to analyte concentration (c).
𝐴 = −log 𝑇 = log

𝑃*
= 𝜀𝑏𝑐
𝑃

UV-visible spectroscopy can also be useful in monitoring the equilibrium between
monomer and dimer conformations of complex structures.24 Absorption of radiation in the UVvisible regions occurs in one or more electronic bands.23 These bands are made up of many
discrete lines that arise from the transition of an electron from the ground state to an excited
vibrational or rotational electronic energy state.23
Fluorescence Spectroscopy. Fluorescence is a phenomenon produced when electrons
within molecules in a solution are excited and upon relaxation back to the ground state emit
radiation that can provide unique information for qualitative and quantitative analyses.23 The
intensity of this photoluminescence allows for the quantitative measurement of various
compounds in trace amounts. There are many advantages to luminescence methods of analysis
including the sensitivity and detection limits that are generally three orders of magnitude lower
than absorption spectroscopy.23 These methods also have large linear concentration ranges that
are significantly greater than absorption spectroscopy.23 Although there are some advantages to
using luminescence methods over absorption methods, there are also a few disadvantages.
Luminescence techniques are not as applicable as absorption methods because more compounds
absorb ultraviolet and visible radiation than exhibit photoluminescence in the same regions.23
The excitation in fluorescence is due to the absorption of energy from incoming
photons.23 Fluorescence occurs in both simple and complex gaseous, liquid, and solid
compounds.23 The molecular structure determines the native ability to fluoresce and intensity of
emission, which is why this method of analysis can be used to identify unique chemical
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characteristics. The excited states are short lived (<10-5 s) because there is not a change in
electron spin in the electronic energy transitions.23 Fluorescence occurs when a photon is excited
and transitions from the lower vibrational level of the first excited state to a vibrational level in
the ground state.23 Fluorescence is the most intense in aromatic compounds that allow for π→π*
transitions that are lower in energy.8,23,25 Rigid structures also are known to prefer fluorescent
emissions.
The emission intensity of fluorescence is measured as a function of wavelength at a fixed
excitation wavelength. The instrument is made up of many components similar to those
discussed previously for absorption instruments. The source radiation passes through the
excitation wavelength selector, then impacts the sample, which excites the sample causing it to
emit fluorescent photons.23 The emitted radiation is then isolated by the emission wavelength
selector.23 After passing through the emission wavelength selector, the remaining photons pass
through a phototransducer that converts the radiation into electrical signal.23 There are multiple
types of instruments that can be used to measure the fluorescence of chemical systems. For
example, a fluorometer is an instrument containing the typical components, but it only uses
filters for wavelength selectors.23 A spectrofluorometer also uses two monochromators for
wavelength selectors.23 The unique selectivity of spectrofluorometers are beneficial in the
electronic and structural characterizations of various molecules and are widely used in analytical
analyses.23
Porphyrin Spectroscopy. The porphyrin complexes are known to have intense colors
due to their highly conjugated π-systems.1,25 The vibrant colors also illustrate their distinctive
spectra in the ultraviolet-visible region.1 Both the porphyrin complex and the metal center
produce peaks in the ultraviolet visible region. These two sets of bands produced are Soret and Q
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bands. Soret bands depend on the substitution of porphyrin complex and usually result in peaks
between 380-500 nm.1,17,26,27,28 The transition that is normally observed is from the singlet
ground state to the second singlet excited state (Figure 5).1 The Q bands result from the transition
from the singlet ground state to the first excited state and produce four peaks between 500-750
nm, which is due to the vibrational splitting (Figure 5).1,17,26,27,28 The red shift is due to the
effects of ring substitution as well as the conformation of the macrocyclic porphyrin in the
solution.29 The metal centers also contribute to the presence of the Q bands. The stability of the
metal determines the intensities of the peaks.1 A typical UV-visible spectrum of an etio-type
porphyrin can be found below (Figure 6).1 The type of porphyrin is based on the intensities of the
four Q-bands. This particular example of a porphyrin is β-substituted with alkyl groups.1 Using
the knowledge provided by previous research using UV-visible spectroscopy, the analysis of the
erbium porphyrin complex can be performed to compare the porphyrin characteristics.

Figure 5. Electronic state transitions that occur in the Soret and Q band regions.
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Figure 6. UV-Visible spectrum of an etioporphyrin complex with a zoomed in image of the Q
bands.1
1.5 Chromatographic Methods
The analysis of individual compounds in a mixture can be difficult, so separation
techniques can be beneficial in removing potential interferences from the desired analyte. One of
the most common separation techniques is chromatography.23 Chromatography is defined as a
form of separation that can lead to the identification of similar chemical components of complex
mixtures, which can be difficult to achieve using other analytical techniques.23 Chromatographic
methods of analysis have become a widely popular analytical technique with various
applications. In chromatographic methods, a mobile phase is used to transport a sample.23 The
mobile phase can be a gas, liquid, or a supercritical fluid.23 The mobile phase is then sent through
a stationary phase that is fixed in either a column or on a solid surface.23 The components of the
sample move in and out of the mobile and stationary phases depending on their relative
interactions, causing unique distribution of migration rates of the chemical components.23 For
example, a molecule that spends more time in the stationary phase will elute off the column later
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than a molecule that does not have as much interaction with the stationary phase. The differing
migration rates allow for the components of the sample to elute into discrete bands that can
qualitatively and quantitatively be used to describe the chemical system.23
Chromatography can be classified based on the type of mobile and stationary phase. The
three categories are gas chromatography (GC), liquid chromatography (LC), and supercritical
fluid chromatography.23 The mobile phases in these respective techniques are gas, liquid, and
supercritical fluids. Liquid chromatography is the only method that can use eithers packed
columns or planar surfaces for the interaction between the stationary phase and mobile phase.23
The column used in methods such as gas chromatography is made of a narrow tube coated on the
inside wall with the stationary phase.23 As the sample solution and mobile phase pass through the
column, the chemical components interact with the stationary phase and produce a unique
separation as they elute off the column. The detector then identifies the concentration of each
chemical versus time to create a chromatogram that can be used to identify the components of a
solution.23 The retention times are a defining characteristic of molecular identity and the size of
the chromatographic peaks can be used to determine the amount of each component present.23
The qualitative information provided by the retention times allows for the identification of the
chemical components present as well as the compounds that are not present or undetectable.
The main components of a gas chromatography instrument include a carrier gas system,
flow regulators, sample injector system, column, oven, and detector with a data output reader.23
Generally, the variable components of a GC instrument include the injection temperature,
stationary phase composition, oven temperature, and type of detector. Each component is chosen
specifically based on the type of molecules in the sample to be measured.
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Recently, gas chromatography instruments with mass spectrometry detectors (abbreviated
as GC-MS) have become popular in the recent decades due to the information that is provided by
the detector. Instrumentation for a GC-MS includes all the components previously mentioned
along with a mass spectrometer added as a detector. The combination of gas chromatography
with mass spectrometry has greatly increased the instrument’s applicability and usefulness in the
identification of components of a sample. An ionization sources takes molecules that elute from
the column and converts them to ions. The mass spectrometer measures the mass-to-charge ratios
of the produced ions correlated to the time for which the component of the sample passes
through the MS detector. With this data, a mass fragmentation pattern is produced which is
representative of the molecular component. Libraries of mass fragmentation patterns of known
compounds can be used to identify the components of a sample.23 Gas chromatography-mass
spectrometry has become the most widely used technique for separating and identifying chemical
components in a solution.23 The National Institute for Standards and Technology (NIST) formed
a mass spectral data base consisting of 250,000 compounds with 70,000 retention indices.23 The
software application NIST also created has the ability to match experimental data to those of
known compounds for more accurate identification.23

1.6 Goal of Research Project
The purpose of this research project was to better understand the reactivity of the
porphyrin membrane utilized in the ion selective electrodes by analyzing the ionophore
Er(III)TPP(acac). Membranes and solutions containing this molecule were analyzed using
different analytical techniques to help understand the reactions that occur on the interface of the
membrane with specific anions in the sample solution. Specifically, chromatographic techniques
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can describe the unique retention times of the complex and mass spectrometry can calculate the
mass to charge ratio. Spectroscopic techniques describe the optical properties including the
absorption wavelengths of the complex as well as reveal the possibility of dimerization of the
Er(III)TPP(acac) within the membrane. Understanding these reactions can lead to a greater
selectivity and sensitivity of the resulting ion selective electrodes.
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CHAPTER II. EXPERIMENTAL METHODS

2.1 Materials
Erbium(III) meso-tetraphenylporphine 2,4-pentane dionate was obtained from Frontier
Scientific (Newark, Delaware) and used as received. Tetraphenylporphyrin was obtained from
Mid-Century (Chicago, Illinois) and used as received. Erbium(III) acetate hydrate, 2-nitrophenyl
octyl ether, poly(vinyl chloride), sodium benzoate, 2-(N-morpholino)ethane sulfonic acid (MES)
hydrate, MES sodium salt and tetrahydrofuran were obtained from Sigma Aldrich (St. Louis,
Missouri) and used as received.

2.2 Gas Chromatography
Sample Preparation. The procedure consisted of the preparation of the erbium(III)
tetraphenylporphyrin solution and the analysis of the sample using different techniques. First, the
metallic porphyrin in a tetrahydrofuran (THF) solvent was prepared. A fairly low concentration
was prepared to ensure the sample would be appropriate for gas chromatography. Other samples
were prepared including tetraphenylporphyrin in THF and erbium(III) acetate hydrate in THF to
understand the different aspects of the compound.
Erbium(III) Tetraphenylporphyrin Solution. Approximately 2.1 mg of erbium(III) mesotetraphenylporphyrin was measured into a small glass vial. 20.0 mL of THF solvent was added to
the vial. Then the vial was vortexed to ensure a homogeneous mixture. The concentration of the
metallic porphyrin solution was 1.2 × 10-4 M (Figure 7).
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Figure 7. Brightly colored porphyrin solution at different dates. The first image is of a freshly
made solution and the second image is the same solution a month later.
Tetraphenylporphyrin Chlorine Free Solution. The non-metalated porphyrin solution was
prepared by measuring 1.8 mg of tetraphenylporphyrin into a small glass vial. Using a pipette,
20.0 mL of THF was transferred to the vial containing the tetraphenylporphyrin compound. Then
the solution was vortexed to ensure a homogeneous mixture. The concentration of the
tetraphenylporphyrin solution was 1.3 × 10-4 M.
Erbium(III) Acetate Hydrate Solution. The erbium solution was prepared by measuring
1.8 mg of erbium(III) acetate hydrate into a small glass vial. Using a pipette, 20.0 mL of THF
was transferred to the vial containing the erbium compound. Then the solution was vortexed to
ensure a homogeneous mixture. The concentration of the erbium(III) acetate hydrate solution
was 2.6 × 10-4 M.
Instrumentation and Reaction Conditions. The first technique used to analyze the
sample solutions was gas chromatography. The instrument used was Varian 430 G.C. with a
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Restek 30 m length and 0.53 mm diameter column with a maximum temperature of 290°C. Other
instrument parameters included an injector temperature of 300°C, detector temperature of 300°C,
oven temperature of 200°C, and an injector flow of 112.1 mL/min. The parameters included in
the method was an initial temperature of 200°C for 2.00 minutes, ramp of 20°C/min, and final
temperature of 290°C (held for 10.0 minutes). Changes were made to the method throughout
experiments to analyze the effects on the chromatogram.
Procedure. Once all of the different solutions were prepared, a small portion of each was
added to autosampler vials and placed in the autosampler. The first solution that was measured
was the Er(TPP)acac in THF solution. Then the H2TPP and the erbium metal solutions were
measured. Lastly, the pure THF solution was measured. Each solution was analyzed multiple
times to ensure the chromatograms were reproducible.

2.3 Gas Chromatography Mass Spectrometry
Sample Preparation. The second technique used was gas chromatography mass
spectrometry. A fresh sample was prepared using the same erbium(III) tetraphenylporphyrin
compound and the solvent THF. Approximately 1.4 mg of erbium(III) tetraphenylporphyrin was
measured into a small glass vial. Using a pipette, 20.0 mL of THF was transferred to the vial
containing the porphyrin compound. Then the solution was vortexed to ensure a homogeneous
mixture. The concentration of the porphyrin solution was 8.0 × 10-5 M (Figure 8).
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Figure 8. Freshly prepared porphyrin solution.
Instrumentation and Reaction Conditions. The instrument used was Agilent
Technologies 7820A GC System. The column that was used was an HP-5 with a length of 30 m,
diameter of 0.250 mm, and 0.25 µm film. The maximum temperature of the column was 325°C
and thermal auxiliary temperature of 275°C. The method that was used for all measurements
included a 50.0 g- 1000 g mass range, 3 minute solvent delay, injector temperature of 300°C,
1µL injection volume, PFTBA calibration compound, and an ether and hexane washing between
injections.
Procedure. Once the sample was prepared, a small portion of the solution was added to a
vial and placed in the autosampler. The sample that was measured was 8.0 × 10-5 M Er(TPP) in
THF. The run started with a 4-minute solvent delay but was later altered to a 3-minute solvent
delay and a 2-minute delay. All other parameters remained constant during the many trial runs.
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2.4 UV-Visible Spectroscopy
Sample Preparation. The third technique used was UV-visible spectroscopy. The
previously prepared solutions used for gas chromatography as well as a freshly made solution
were used for these measurements. A second sample was made a week later by measuring 1.9
mg of erbium(III) tetraphenylporphyrin into another small glass vial. Using a pipette, 20.0 mL of
THF was transferred to the vial containing the erbium compound. Then the solution was
vortexed to ensure a homogeneous mixture. The concentration of the second solution was 1.1 ×
10-4 M.
Porphyrin Solution Instrumentation and Reaction Conditions. The instrument used
was Agilent Cary 60 UV-vis spectrophotometer. The parameters included a wavelength range of
200-800 nm, 0.2 second average time, 1.0 nm intervals, 300 nm/min, and 2.0-minute scan time.
A quartz cuvette containing THF was measured to form a baseline that was used for all following
measurements.
A second instrument was used in the UV-visible spectroscopy technique for more precise
results of the analysis of the porphyrin complex. The instrument was UV-Vis Lambda 650
Perkin Elmer. The parameters included data intervals of 0.5 nm and data range of 250- 800 nm.
The instrument was also calibrated using an empty quartz cuvette.
Porphyrin Solution Procedure. Using the first UV-visible spectrophotometer, the 1.1 ×
10-4 M Er(TPP) in THF solution was measured. Following the porphyrin solution, the H2TPP and
erbium metal solutions were also measured and compared to the spectrum of the porphyrin
solution. Each solution was transferred to a clear quartz cell for analysis using a glass pipette.
Using the second UV-Vis Lambda Perkin Elmer instrument, a freshly made porphyrin solution
with 1.08 x 10-4 M concentration was measured. The solution was transferred to a clear quartz
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cell for analysis using a glass pipette. The instrumental parameters remained consistent for each
sample.
Porphyrin Membrane Film Preparation. The last aspect was the determination of the
optical properties of the erbium(III) tetraphenylporphyrin complex in the membrane. The
experimental methods were adopted from Dr. Steinle’s graduate work with metalloporphyrinbased liquid/polymer membrane electrodes.9
Erbium(III) Tetraphenylporphyrin Membrane. The first step in preparation was the
synthesis of a fresh membrane composed of the metalloporphyrin compound, polyvinyl chloride
(PVC), and 2-nitrophenyl octyl ether (o-NPOE). Approximately 2.0 mg of erbium(III)
tetraphenylporphyrin was measured along with 123.8 mg of o-NPOE and 60.5 mg of PVC
(Figure 9). This unique composition is the method of preparation used for many preparations of
porphyrin membranes with about 1% metalloporphyrin, 66% plasticizer, and 33% matrix. For
the formation of the membrane, a flat glass plate was used along with a glass ring, which was
held in place using rubber bands (Figure 10). Once all three components were homogeneous
using the vortex, the solution was transferred using a glass pipette to the glass ring on the glass
plate (Figure 10). The entire set-up was left for 24 hours to allow for the membrane to form
(Figure 10).
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Figure 9. Erbium (III) tetraphenylporphyrin membrane solution with plasticizer and matrix.

Figure 10. Glass plate set-up (left) without the membrane solution, (middle) with the membrane
solution, and (right) with the solidified membrane.
Erbium(III) Tetraphenylporphyrin Membrane Film. Using the freshly made membrane,
the thin films were prepared. First, a small piece of the membrane, approximately 5 mg and 5-6
mm in diameter, was cut out and placed in a glass vial. Then the membrane was dissolved in as
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little THF as possible. Small amounts of THF were slowly added using a glass pipette and
vortexed until the membrane completely dissolved, and the solution became homogeneous
(Figure 11). The amount of THF required for each thin film preparation varied, but was around
1-2 mL. For further analysis, glass slides were created for the films. A thin piece, approximately
8 mm, was sliced from a microscopic slide using a glass cutter to create a slide that fit inside a
plastic cuvette (Figure 12). Multiple slides were cut for potential use for the thin film analyses
(Figure 12). The membrane solution was then slowly pipetted onto the glass slide, which was
placed on a level glass plate. Slowly adding the solution onto the glass slide allowed for the
solution to settle on the glass slide without spilling over the sides, which would have affected the
concentration of the porphyrin in the film. After the entire solution, approximately 1-2 mL, was
transferred to the glass slide, the slide remained on the glass plate to allow for the THF to
evaporate off and the film to dry (Figure 13). Once the film was dry, it was placed in a plastic
cuvette for analysis using UV-visible spectroscopy. Three different membrane films were
prepared and analyzed (Figure 13).

Figure 11. Small piece of membrane dissolved in THF.
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Figure 12. Sliced glass microscopic slides approximately 8 mm for membrane films.

Figure 13. The three membrane films prepared and used for analysis using UV-Visible
spectroscopy.
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Morpholino Ethanesulfonic Acid (MES) Buffer Solutions. The thin membrane films were
analyzed in various MES buffer solutions that were prepared. A stock MES buffer solution of
0.05 M was prepared with approximately 7.8251 g of MES hydrate and 1.9519 g of MES sodium
salt, which was transferred to a volumetric flask and diluted to 1.0 L using DDI water. The
solution was mixed until it was homogeneous. A set of various buffer solutions containing
sodium benzoate were also prepared. The concentrations ranged from 1 × 10-5 M to 1 × 10-2 M
sodium benzoate. Each solution was prepared by diluting 0.01 M, 0.1 M, and 1 M sodium
benzoate solutions used for other electrode experiments. The first solution was made by
measuring out 100 µL of 0.01 M sodium benzoate using a micropipette, which was transferred to
a 100 mL volumetric flask and diluted using the stock 0.05 M MES buffer solution previously
prepared. The concentration of the buffer solution was 1 × 10-5 M sodium benzoate in MES.
Once the solution was made, it was transferred to a labeled glass bottle for easier transfers to the
cuvettes. The next solution was made by measuring 1,000 µL of 0.01 M sodium benzoate using a
micropipette, which was transferred to a 100 mL volumetric flask and diluted using the stock
0.05 M MES buffer solution. The concentration of the buffer solution was 1 × 10-4 M sodium
benzoate in MES. Once the solution was made, it was transferred to a labeled glass bottle. The
next solution was made by measuring 1,000 µL of 0.1 M sodium benzoate using a micropipette,
which was transferred to a 100 mL volumetric flask and diluted using the stock 0.05 M MES
buffer solution. The concentration of the buffer solution was 1 × 10-3 M sodium benzoate in
MES. Once the solution was made, it was transferred to a labeled glass bottle. The next solution
was made by measuring 1,000 µL of 1 M sodium benzoate using a micropipette, which was
transferred to a 100 mL volumetric flask and diluted using the stock 0.05 M MES buffer
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solution. The concentration of the buffer solution was 1 × 10-2 M sodium benzoate in MES. Once
the solution was made, it was transferred to a labeled glass bottle.
Porphyrin Membrane Film Instrumentation and Reaction Conditions. The
instrument used was Agilent Cary 60 UV-vis spectrophotometer. The parameters included were
a wavelength range of 370-500 nm, 0.15 nm data interval, and 0.100 s average scan time. The
baseline was set as the measurement of an empty plastic cuvette. The first run was performed on
the dry membrane without any buffer solution. The buffer solutions were then placed in multiple
plastic cuvettes. The cuvettes were then placed in the instrument to measure the absorbance of
the membrane film in each solution. The three membrane films prepared were measured in the
various buffer solutions to provide triplicate results to indicate the potential for repetition. Each
measurement was performed in duplicate to ensure precision.
Porphyrin Membrane Film Procedure. The first porphyrin membrane (A) was
prepared on the glass microscopic slide and placed in an empty plastic cuvette for analysis of the
dry membrane. The first run was performed on the dry membrane to analyze the changes that
occur to the membrane in various buffer solutions. The next run was performed on the membrane
film in the stock 0.05 M MES buffer solution. For the measurements of the membrane films in
the buffer solutions, the film was placed in the cuvette containing the buffer solution and allowed
for equilibrium to be reached before the absorbance was measured. The films were placed in the
buffer solutions for approximately 10 minutes, which is the time it takes to reach equilibrium in
the electrode experiments. After the first membrane film (A) sat in the 0.05 M MES buffer
solution, the absorbance was measured using the parameters previously described. The solution
was measured twice to ensure precision between each run. Then the membrane film (A) was
removed from the cuvette and placed in a cuvette containing the 1 × 10-5 M sodium benzoate in
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MES buffer solution. It was again equilibrated for approximately 10 minutes prior to the runs.
Once the solution had equilibrated, the absorbance was measured twice. The same procedure was
performed for the remaining solutions including the 1 × 10-4 M, 1 × 10-3 M, and 1 × 10-2 M
sodium benzoate in MES buffer solutions. The first membrane film (A) was placed in all of the
different buffer solutions and the changes and absorbance were measured. Once the first
membrane film (A) was measured in all of the solutions, the second membrane film (B) was
prepared. The same procedure was performed on the second membrane film (B) with the order of
runs as follows: dry membrane (x2), 0.05 M MES (x2), 1 × 10-5 M sodium benzoate in MES
(x2), 1 × 10-4 M sodium benzoate in MES (x2), 1 x 10-3 M sodium benzoate in MES (x2), and 1
× 10-2 M sodium benzoate in MES (x2). Once the second membrane film (B) was measured in all
of the solutions, the third membrane film (C) was prepared. The same procedure was performed
on the third membrane film (C) with the order of runs as follows: dry membrane (x2), 0.05 M
MES (x2), 1 × 10-5 M sodium benzoate in MES (x2), 1 × 10-4 M sodium benzoate in MES (x2), 1
× 10-3 M sodium benzoate in MES (x2), and 1 × 10-2 M sodium benzoate in MES (x2).

2.5 Fluorescence Spectroscopy
Sample Preparation. The last optical technique used was fluorescence spectroscopy.
The porphyrin solution prepared for gas chromatography mass spectrometry was used for these
measurements.
Instrumentation and Reaction Conditions. The instrument used for fluorescence
spectroscopy was the Perkin Elmer LS55 Fluorescence Spectrometer. The parameters that were
used included an emission wavelength range of 380 nm-900 nm and a scan speed of 100
nm/minute. The excitation wavelength and excitation and emission slit widths were altered
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between runs. The initial excitation wavelength was 420 nm. The other excitation wavelength
that was measured was 480 nm. The initial excitation and emission slit widths were both 2.5 nm,
but was later adjusted to 10.0 nm for clearer spectrums.
Procedure. The previously prepared solution (8.0 × 10-5 M Er(TPP) in THF) was
transferred to a quartz cuvette using a glass pipette. Then the cuvette was placed in the
instrument and the parameters were selected. The first run consisted of an excitation wavelength
of 420 nm and excitation and emission slit widths of 2.5 nm. Since the first run was very noisy,
the excitation and emission slit widths were adjusted to 10.0 nm for another run. Then the
excitation wavelength was changed to 480 nm and the major peaks of emission were noted.
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CHAPTER III. RESULTS

3.1 Gas Chromatography Analysis
Modern ion-selective electrodes generally consist of an ionophore, plasticizer and
polymeric material. In the previous studies by the Steinle group, erbium(III)
tetraphenylporphyrin, ortho-nitrophenyl ethyl ether (o-NPOE) and polyvinyl chloride (PVC)
were utilized as the ionophore, plasticizer and polymer, respectively. To synthesize these
membranes, these 3 components were dissolved in the solvent tetrahydrofuran (THF). THF has a
very low boiling point (66 °C, 151 °F) and was allowed to evaporate slowly over 24 hours. As
described in Chapter 2, this process produces the flexible polymeric membranes that are later
incorporated directly into ion-selective electrodes.
Direct determination of metalloporphyrins with gas chromatography is generally
considered a difficult experiment, due to the high boiling points of the metalloporphyrins. For
example, a study from Gallegos, et al., measured vanadium porphyrins in petrochemical
materials using gas chromatography – mass spectrometry (GC-MS) at temperatures up to 350
°C.30
Two of the modern gas chromatography instruments in the Missouri State University
Chemistry department were utilized to see if erbium(III) tetraphenylporphyrin could be
characterized when dissolved in the solvent THF. As discussed in Chapter 1, gas
chromatography is a method of separating the many chemical components of a mixed solution
via their interactions with a stationary phase within a column. Under conditions described in
Chapter 2, a solution of 1.1 × 10-4 M erbium(III) tetraphenylporphyrin in THF was prepared and
measured using a Varian 430 gas chromatograph instrument with flame ionization detection. A
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large solvent peak at approximately 1.0 minute was found, along with a smaller peak at 4.2
minutes and a larger peak at 4.4 minutes (see Figure 14). The chromatogram was allowed to run
for ~30 minutes more and no other peaks were detected.
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Figure 14. Initial chromatogram of the erbium (III) tetraphenylporphyrin solution in THF.
The solution of erbium(III) tetraphenylporphyrin and THF was allowed to sit in a dark
cabinet for approximately one month after preparation. The freshly made solution was a bright
pink-purple color and the older sample was a reddish-orange color (Figure 7). When the sample
was measured again using the same parameters (Figure 15), the resulting chromatogram was
slightly different than the previous one. The peak at 4.2 minutes was more prominent, and the
peak at 4.4 minutes was smaller. A very small peak at around 4.1 minutes was now found as
well.
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Figure 15. One-month old erbium (III) tetraphenylporphyrin solution in THF chromatogram.
Additional solutions were prepared to compare with those found previously with the
metalloporphyrin and THF mixtures. A sample that contained only the THF solvent was
examined via the GC instrument. Another solution that was prepared was the free (no metal)
tetraphenylporphyrin (H2TPP) in THF. The last solution that was prepared was erbium(III)
acetate hydrate, Er(III)(acetate)3 in THF. In all of these last three chromatograms (data not
shown), peaks were found at nearly identical retention times as that of the first chromatogram
(Figure 14), a large peak near 1.0 minute and two peaks at 4.2 and 4.4 minutes. This data will be
discussed in Chapter 4.

3.2 Gas Chromatography Mass Spectrometry Analysis
In order to identify the components found in the previous gas chromatography
experiments, another gas chromatography detector was employed. Gas chromatography-mass
spectrometry (GC-MS) was chosen due to its ability to identify the chemical components that
elute in the chromatogram. As discussed in Chapter 1, the mass spectrometer detector of the
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instrument uses mass to charge ratios to identify compounds in a solution. GC-MS is also a more
sensitive method of analysis that could potentially measure compounds that were not previously
detectable on the gas chromatograph with a flame ionization detector. Much like the earlier
technique, solutions were prepared and measured under similar conditions. A freshly made
erbium(III) tetraphenylporphyrin / THF solution with 1.1 × 10-4 M concentration was prepared
and measured. The chromatogram was similar to the data presented in the previous section, but
the mass spectrometer was able to label the masses of the most prominent peaks as well as
compare those results to the system library to identify the chemical compound (Figure 16).

Figure 16. GC-MS results of (top) erbium (III) tetraphenylporphyrin and (bottom) the identified
compound o-nitrophenyl octyl ether.
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The instrument identified the compound as ortho-nitrophenyl octyl ether, which is the
plasticizer used for the synthesis of the metalloporphyrin-based membranes. The two spectra
appear to be identical, and the instrument labeled them with 95% quality, indicating the
instrument has high confidence in the identity. The large percent quality suggests that the
instrument was confident in its identification of the chemical compounds present in the solution.
This chromatographic data will be discussed in Chapter 4.

3.3 UV-Visible Spectroscopy Analysis of Porphyrin Solutions
The first optical technique that was applied to the analysis of the metalloporphyrin was
ultraviolet-visible (UV-Visible) spectroscopy using two different instruments. UV-Visible
spectroscopy was chosen for the first set of optical measurements because it is a popular method
of analysis of metalloporphyrins. As discussed in Chapter 1, metalloporphyrins are known to be
very absorbing compounds in the ultraviolet and visible regions of the electromagnetic spectrum.
UV-visible spectroscopy can be used in the qualitative and quantitative determination of many
different compounds. With metalloporphyrins, UV-Visible spectroscopy can be utilized to
determine whether monomers or dimers are present.
The initial analyses were of the various solutions including the erbium metal (Er3+), the
free tetraphenylporphyrin (H2TPP) and erbium(III) tetraphenylporphyrin (Er(III)TPP(acac)) in
the THF solvent. The Agilent Cary 60 spectrophotometer was utilized for this experiment and
the instrumental conditions are described in Chapter 2. The first sample that was measured was
erbium(III) acetate hydrate in THF, which produced faint and indistinguishable absorbance in the
visible region (data not shown). This eliminated the possibility of identifying the metal
component of the porphyrin structure using this technique. The next sample was the free
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tetraphenylporphyrin (H2TPP) in THF, which produced multiple peaks (Figure 17). The major
peaks in the Q band region were at 513 nm, 546 nm, 590 nm, and 646 nm. There was also
absorbance in the Soret band region around 400 nm that did not have differentiating peaks. The
peaks that were present on the spectrum were indicative of a typical porphyrin compound
regardless of the missing metal.31 The last sample that was analyzed was the older discolored
erbium(III) tetraphenylporphyrin solution in THF that was previously used in the gas
chromatography experiments. The solution that was measured was Er(III)TPP(acac) in THF at a
1.2 × 10-4 M concentration, which also produced multiple peaks (also in Figure 17). The
discolored solution was analyzed to identify the potential causes for the color change. There was
a large, off-scale peak at around ~420 nm and a single band at 540 nm.
A freshly made 1.1 x 10-4 M erbium(III) tetraphenylporphyrin in THF solution was then
measured. For this experiment, the Perkin Elmer Lambda 650 spectrophotometer was utilized,
with the instrumental conditions described in Chapter 2. This spectrum indicated major
absorption in the Soret band region at approximately 420 nm and in the Q band region at 481
nm, 514 nm, 555 nm, 593 nm, and 645 nm (Figure 18). The major absorption peaks were
indicative of a typical metalloporphyrin complex. Both the Cary and Perkin Elmer instruments
appear to be satisfactory for these experiments. The Perkin Elmer instrument is a double
monochromator system and allows measurements of absorbance at higher levels than the Cary
single monochromator system (compare Figures 17 and 18), which improved the appearance of
the Soret band at 420-425 nanometers. However, at lower metalloporphyrin concentrations with
lower absorbance values, either spectrophotometer would work equally well.
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Figure 17. (top) UV-Visible spectra of free tetraphenylporphyrin (H2TPP) and erbium (III)
tetraphenylporphyrin in THF (bottom) spectra of the solutions from 450 to 700 nanometers.
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Figure 18. (top) UV-Visible spectrum of erbium (III) tetraphenylporphyrin in THF and (bottom)
Zoomed in spectrum of Q band region.
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3.4 UV-Visible Spectroscopy Analysis of Metalloporphyrin-Based Membranes
The next step of this work was the determination of the optical properties of the same
metalloporphyrin-based membrane that are used in the potentiometric ion-selective electrode
studies. Understanding the membrane and solution interface reactions has the potential to
describe how the metalloporphyrin is interacting with the target anions. The buffers that were
analyzed for this technique are solutions are frequently used for the ion selective electrode
experiments. It was important to observe the interactions and how they changed in different
concentrations. To understand the membrane interactions, a membrane was prepared for analysis
rather than a liquid solution of the porphyrin compound. In the membranes, the porphyrin
compound is very dilute and is incorporated with PVC and o-NPOE plasticizers. As described in
Chapter 2, a membrane film was synthesized for these analyses and was measured in different
standard sodium benzoate solutions. These thin films were cast onto glass slides and inserted into
cuvettes, either dry or filled with buffer and sodium benzoate solutions.
The first membrane film (designated A in Figure 19) produced a slightly noisy absorption
spectrum when measured under dry conditions (before exposure to the buffer and sodium
benzoate aqueous solutions). The maximum absorption wavelength for the first membrane under
dry conditions was approximately 423 nm, which correlates to the ultraviolet-visible data from
the Er(III)(TPP) / THF data from the previous section. The bands in Q band region (450-700 nm)
were very small (data not shown). Since the only major peak was present in the Soret band
region, the scope was narrowed down to that specific region to observe the changes occurring to
the membrane film in various solutions.
The polymer film-coated glass slide was then placed in a cuvette containing 0.05M Nmorpholino ethanesulfonic acid (MES), buffered at pH 5.5. The film was allowed to equilibrate
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in this aqueous solution for 10 minutes before measurement with the Cary 60 spectrophotometer.
Standard solutions of sodium benzoate were prepared using the same MES buffer as the solvent.
The optical film would also equilibrate in the sodium benzoate solutions for 10 minutes prior to
measurement.
The baselines of the absorbance spectra appeared to be dependent on the placement of the
coated glass slide within the cuvette. To better compare the different spectra, the absorbance
values were normalized at 470 nanometers. As shown in Figure 19, the results of the first
membrane did not indicate a major change in absorbance upon exposure to the 0.05M MES
buffer or the sodium benzoate solutions ranging from 10-5 to 10-2 M.
The second membrane film (B) produced a much cleaner absorption peak for the dry
membrane, however, it did appear to have a slightly larger absorbance than the first membrane
(Figure 20). The change in absorbance values is likely due to the possibility of inconsistencies
that were present in the preparation of the different membrane films. Each membrane film was
hand made and had potential for some human error as well as inconsistencies in membrane
solutions. Although there were slight differences in absorbance values, the major absorption
peaks were also present in the Soret band region. The maximum absorption wavelength for the
second membrane was approximately 420 nm, which was very close to the first membrane’s
results. The results of the second membrane did not indicate a major change in absorbance in the
different buffer solutions (Figure 20). The spectra for the second membrane film were also
normalized to allow for better comparison of the major absorption peak. Much like the first
membrane film, there did not appear to be any significant changes that occurred to the
absorbance of the membrane. The membrane films appeared to be sticking to the same trend
regardless of the concentration of the buffer solutions.
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The third membrane film (C) also produced a fairly clean spectrum for the dry
membrane, however, it had slightly larger absorbance values than the previous membranes
(Figure 21). Again, this is likely due to inconsistencies in the membrane film preparation that
could not be controlled. Although the absorbance values were on a different scale, the major
absorption peak was once again present in the Soret band region. The maximum absorption
wavelength was approximately 419 nm, which is very close to the other membrane films (Figure
21). The absorbance of the third membrane film also did not appear to significantly change in the
various buffer solutions. The changes in concentration of the sodium benzoate did not cause a
significant change in the major absorption peak. The spectra of the third membrane were also
normalized to allow for a more accurate comparison between the different runs.
Once all three membrane films were measured in the different buffer solutions, the results
were compared to determine the reproducibility of the analyses. The three membrane films did
produce slightly unique results, however, all of them produced similar maximum absorption
wavelengths between 419-423 nm (Figure 22). The spectra from the three membranes were
averaged to allow for a better comparison of the major peak present (Figure 22). These precise
results indicate the porphyrin membrane did not significantly change under various reaction
conditions as well as unique sample preparation. There was only one major absorption peak for
the three membranes in all of the buffer solutions. The consistency in the peak suggested there
were not any changes occurring in the porphyrin membrane. Some studies have noted apparent
aggregation that occurs within the porphyrin molecule in various chemical conditions.20,32
However, the aggregation usually causes a shift in the major absorption peak by approximately
20 nm.9 In this particular experiment, there were not significant changes in the major absorption
wavelength that would suggest any aggregation within the molecule. Rather than forming the
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two conformations, monomer and dimer, of the porphyrin complex, it appears the erbium
porphyrin compound remained at equilibrium in the solution.
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Figure 19. Membrane film A absorbance spectra in various aqueous solutions.
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Figure 20. Membrane film B absorbance spectra in various aqueous solutions.
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Figure 21. Membrane film C absorbance spectra in various aqueous solutions.
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Figure 22. Membrane films A-C average absorbance spectra in various aqueous solutions.
42

3.5 Fluorescence Spectroscopy Analysis
The last optical technique that was used in the investigations of erbium(III)
tetraphenylporphyrin was fluorescence spectroscopy. Since porphyrin compounds are known to
absorb easily in the ultraviolet and visible regions, the compound’s ability to be observed using
fluorescence was investigated. As discussed in Chapter 1, fluorescence spectroscopy is a method
of analysis that is significantly more sensitive than absorption spectroscopy as long as the
compound has the ability to undergo the fluorescence process. Identifying the fluorescent
properties of the porphyrin is the last aspect to understanding the optical properties of the
compound. The solution that was prepared for gas chromatography-mass spectrometry
experiments was also used for these measurements. The major absorption wavelengths that were
observed in the previous optical technique were also used as a starting point for these analyses.
The first major absorption peak using UV-visible spectroscopy was around 420 nm, so a starting
excitation wavelength of 420 nm was used. The initial slit widths that were used were 2.5 nm,
but the amount of noise that was present on the spectra made it difficult to identify the emission
peaks. The slit widths were then increased to 10.0 nm and the results were significantly clearer
and more precise. The major emission peaks that were present on the first spectrum were at
approximately 650 nm and 720 nm (Figure 23). There was also a major peak at 420 nm, but it
was likely due to the excitation light. The peaks that were present were quite clear and had little
noise. For the next run, another major absorption wavelength that was present in UV-visible
spectroscopy was chosen, which was 480 nm. The same slit widths were incorporated due to the
clear noise deduction. This spectrum indicated a few more emission peaks were present. The
notable peaks were at 530 nm, 583 nm, 656 nm, and 721 nm (Figure 24). Another peak at 488
nm was also present, but it was likely due to the excitation light.
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Figure 23. Fluorescence spectrum at 420 nm excitation wavelength.
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Figure 24. Fluorescence spectrum at 480 nm excitation wavelength.
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CHAPTER IV. DISCUSSION

4.1 Gas Chromatography
The resulting chromatograms of the metalloporphyrin / THF solutions indicated the
major peaks were not from the porphyrin complex, but rather from another component of the
solution (Figure 14 and 15). When the chromatogram was compared to the known retention
times of pure THF, it was concluded that the eluting components were from the solvent rather
than the porphyrin structure. Due to the extremely large molecular weight of erbium(III)
tetraphenylporphyrin, it was suspected the boiling point may not be reached using this particular
instrument, thus, potentially the compound would not be seen eluting off the column. This lead
to the investigation using another chromatographic technique.

4.2 Gas Chromatography Mass Spectrometry
The mass spectrometry addition to gas chromatography provided the ability to identify
the chemical compounds that eluted off the column and produced major peaks. From the analysis
of the erbium(III) tetraphenylporphyrin solution, the instrument was able to compare the
resulting chromatogram to other molecules in its library of chemicals. The instrument identified
the chemical components of the chromatogram as ortho-nitrophenyl octyl ether, which is the
plasticizer that is used in the preparation of the metalloporphyrin-based polymer membranes
(Figure 16). However, these results were unexpected since the solution, in theory, should not
have contained the plasticizer. The solution that was prepared and measured only contained the
erbium(III) tetraphenylporphyrin and THF. The source of the o-NPOE in the THF was not
investigated further, but a possible source of contamination could have been from the lab itself,
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as o-NPOE is one of the most often used membrane components in the Steinle laboratory. It is
possible that a glass pipette at the balance to weigh out the o-NPOE (a liquid at room
temperature) was later accidently used in the container of THF. To confirm this suspicion, a
fresh bottle of THF could be obtained and examined via GC-MS under the same instrumental
conditions.
As chromatographic techniques did not provide a strong method for characterizing the
metalloporphyrin within the THF solvent, it was decided to investigate spectroscopic techniques
since metalloporphyrins are known to have unique optical properties.

4.3 UV-Visible Spectroscopy of Porphyrin Solutions
The first spectroscopic technique that was explored involved the analysis of the
erbium(III) tetraphenylporphyrin solution as well as various other solutions of the chemical
components of the metalloporphyrin. The free tetraphenylporphyrin (H2TPP), erbium(III) acetate
hydrate, and pure THF solutions allowed the comparison of the absorption wavelengths to
erbium(III) tetraphenylporphyrin to determine whether the compound was dissociating over time
into its chemical components. The porphyrin solution that had changed color over time was also
measured to determine whether a structural change had occurred. The older porphyrin solution
that had undergone a slight color change produced similar results to the fresh solution with a
single absorption peak in the Q band region. The tetraphenylporphyrin (H2TPP) / THF solution
was compared to the erbium(III) porphyrin solution and the changes in the Q band region
between the two solutions were measured (Figure 17). The resulting spectra were different, as
the erbium porphyrin solution absorbed in one major peak rather than the four peaks typical of
free porphyrin structure (Figure 17). Overall, the results of the different solutions indicated the
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erbium(III) porphyrin remained structurally intact after a month in solution, however, the color
change that occurred could be indicative of some instability of the solutions. For example, the
THF solvent may have been older, which created a slightly unstable solution.
Using a freshly made erbium(III) porphyrin / THF solution, the Soret and Q bands
absorption wavelengths were precisely quantified. The newly-made metalloporphyrin solution
presented typical results for a metalloporphyrin compound (Figure 18).1,17,26,27,28 There was one
major Soret band and four major Q bands, which was expected with the analysis of the
erbium(III) tetraphenylporphyrin (Figure 18). The spectroscopic results help describe the optical
properties of the erbium porphyrin complex. Once the optical properties of the porphyrin
compound were quantified, the optical thin film studies were planned using ultraviolet-visible
spectroscopy.

4.4 UV-Visible Spectroscopy of Metalloporphyrin-Based Membranes
The synthesis of the porphyrin membrane film was vital to the analysis of the reactivity
of the erbium(III) tetraphenylporphyrin within the film. The goal was to better understand the
interface reactions that occurred between the membrane and different solutions. With the
membrane film, the absorbance of radiation within the visible part of the electromagnetic
spectrum was determined. A “dry” membrane prior to exposure to aqueous solutions was
examined, as well as after exposure to a pH-buffered solution and increasing concentrations of
sodium benzoate. Sodium benzoate was chosen because the ion-selective electrodes have shown
an affinity for the benzoate anion in potentiometric studies. Three replicate erbium(III)
tetraphenylporphyrin-based membrane films produced a major absorption peak in the Soret band
region, but the bands in the Q bands region were too low to be measured accurately. This is
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likely due to the low concentrations of the erbium(III) tetraphenylporphyrin compound in the
membrane that was prepared, as opposed to the solution-phase experiments where the
concentrations were significantly higher. Since the major absorption peak present was in the
Soret bands region, the scope of the spectra focused on the wavelength range of 370-500 nm.
The Soret band is a porphyrin ligand centered absorbance band influenced by the substitution
pattern, therefore, it is not likely impacted by the erbium(III) metal center. The major absorption
wavelengths for the three membrane films ranged from 419-423 nm, which suggested the
experiments were highly reproducible regardless of the possible inconsistencies in the
preparation of the film (Figure 19, 20, 21, and 22). Overall, each run was very precise and
appeared to remain consistent in the different buffer solutions. The changes in concentration of
the sodium benzoate in the MES buffer solutions did not appear to alter the absorbance of the
metalloporphyrin-based membrane (Figure 19, 20, 21, and 22). The results indicated the
properties and the structure of the erbium metalloporphyrin compound remained constant. There
did not appear to be any aggregation or dimerization occurring within the porphyrin complex.
Some past research has found that some metalloporphyrins can produce two conformers of the
porphyrin structure including the monomer and the dimer, which has been known to occur in
certain solvents including highly concentrated buffers.1,32 This aggregation occurs between the π
orbitals of the porphyrin structure due to the close proximity to each other in solution.8,32 The
aggregation and the dimerization of porphyrin compounds depend on the solution’s
characteristics including the ionic strength of both the lipophilic agent and the ligands as well as
the solvent composition.1,20 Both of these factors can lead to a shift in peaks in the Soret band
region. Although this phenomenon has been found in other previous ion-selective electrodes
involving metalloporphyrins,9 it was not found in these experiments. The erbium(III)
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tetraphenylporphyrin structure appeared to remain in a monomeric in all of the buffer solutions.
The results suggested the erbium(III) tetraphenylporphyrin within the polymeric film is not likely
to undergo aggregation under the conditions used for the ion-selective electrodes, therefore, a
monomeric response mechanism is likely to be prevalent.

4.5 Fluorescence Spectroscopy
The last optical technique that was applied to the analysis of erbium(III)
tetraphenylporphyrin was fluorescence spectroscopy. The first excitation wavelength that was
used was 420 nm and the two major emission peaks were very clear and lacked significant noise
(Figure 23). The two major peaks were at 650 nm and 720 nm (Figure 23). These results were
then compared to previous research that had been performed on similar compounds under similar
conditions. It appeared that the chosen excitation wavelength agreed with previous methods of
analysis.26 The two peaks also appeared to align with the results of multiple other
researchers.17,26,33 Overall, tetraphenylporphyrin compounds were observed to fluoresce in the Q
band region around 650 nm and 720 nm.17,26,33 With these fluorescence results, more unique
optical properties of erbium(III) tetraphenylporphyrin were again quantified.
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CHAPTER V. CONCLUSION AND FUTURE WORK

The chromatographic techniques did not provide additional information regarding the
reactivity or chemical characteristics of the porphyrin compound. However, it was determined
chromatography was not an ideal method of analysis. A molecule (o-NPOE) that should have not
been present within the erbium porphyrin or the THF solution was found in the mass
spectrometry data (Figure 16). Future experiments with new solvents from the manufacturer
could help solve this question. The spectroscopic techniques did provide unique optical
properties including the absorption and fluorescence emission wavelengths of the porphyrin
structure in the ultraviolet visible light region. The prominent optical properties including the
colorful nature of the erbium(III) tetraphenylporphyrin compound are largely due to the highly
conjugated properties of the porphyrin structure. It was also confirmed that the porphyrin
structure was not dissociating over time in the THF solvent, which is an important piece of
knowledge since the electrode membranes are constructed in THF (Figure 17). The reactivity of
the metalloporphyrin structure within the polymeric film was also quantified and revealed there
was not any aggregation or dimerization that occurred under these specific reaction conditions
using the erbium porphyrin compound (Figure 22). The lack of aggregation suggested the erbium
porphyrin compound is not likely to undergo any structural changes that could interfere with
potential ion selective electrode measurements. Overall, many characteristics and properties of
the erbium(III) tetraphenylporphyrin were identified using various analytical techniques.
In the future, the plan is to continue to investigate the spectroscopic techniques that can
be used to describe erbium(III) tetraphenylporphyrin. Specifically, the plan is to further
investigate the fluorescence of the porphyrin complex since prominent emission wavelengths
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were observed. Optimizing the parameters for the fluorescence of the porphyrin compound
would allow the optical properties of the porphyrin structure to be better quantified. The
fluorescent properties also could lead to more projects investigating the potential use of
porphyrin compounds in fluorescent indicators for specific ions, much like the ion selective
electrodes that are currently used. The goal is to expand the knowledge of the porphyrin’s
reactivity to improve the sensitivity and selectivity of ion selective electrodes.
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